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Using ab initio calculations we have determined the paths and activation energies for diffusion of
group-IV atoms (Si, Ge, and Sn) on top of the As layer on As-passivated Si(111), and for exchange with
an As atom. The kinetics of Si, Ge, and Sn adatoms is substantially different: Si adatoms are readily
incorporated under the As layer. Ge adatoms diffuse far on top of the As layer and can reach existing
steps. We show for the first time that the ratio between diffusion and exchange barriers depends strongly
on the strain of the growing Ge film. Sn atoms remain on top of the As layer.
DOI: 10.1103/PhysRevLett.88.046101 PACS numbers: 68.35.Fx, 68.55.–a, 71.15.–mIn recent years progress in information technology has
been fueled by the advances in electronic materials. Typi-
cally, multicomponent films with increasing requirements
on the control of growth on nanoscale dimensions are used.
For many applications (transistors, lasers) the growth of
atomically flat layered heterostructures is crucial. Because
of lattice mismatch this is not easily realized. An important
example is the GeSi heterostructure whose lattice con-
stants differ by 4%. It was shown [1–5] that the intro-
duction of surfactant layers modifies the growth mode of
Ge on Si drastically. Whereas on the clean Si(111) sur-
face Ge grows in the Stranski-Krastanov mode with large
three-dimensional islands, with an overlayer of As, Sb, or
Bi one finds layer-by-layer-growth on Si(111) and Si(001).
A MOSFET structure with p-type Ge as the active layer has
successfully been grown on a Si(111) substrate using an Sb
surfactant layer [6]. Growth on the more common Si(001)
substrates was not successful [7] because the appearance of
“V-shaped defects” due to misfit dislocations destroys the
Ge layers. A full microscopic explanation of the surfactant
effect is still missing, but several aspects have been clari-
fied: Because of the additional electron, surfactant layers
of group-V elements on Si or Ge modify the reconstruction
of the surface. For example, the As-covered Si(111) sur-
face shows a 1 3 1 structure [8] instead of the 7 3 7
reconstruction of pure Si(111). Group-V atoms have a
reduced-surface free energy which makes them float on
the surface without being incorporated into the growing
crystal [1,9]. Thus, growth proceeds by incorporation of
deposited Si or Ge atoms under the surfactant layer. In
addition, the kinetics of deposited adatoms are changed by
the presence of the surfactant layer. Kaxiras and Kandel
[10–12] have argued in a series of papers that (i) due to
the passivation of the surface the barrier for diffusion of
adatoms should always be lower than for incorporation,
(ii) surfactants not only passivate the flat surface but also
the step edges, which reduces the incorporation probabil-
ity of adatoms. Thus, in spite of a long diffusion length of
adatoms homogeneous nucleation of islands on the terraces
would be possible, as found experimentally. Experiments46101-1 0031-90070288(4)046101(4)$20.00of Voigtländer et al. [13] on homoepitaxy on Si(111) show
that the island density increases when surfactants (As or
Sb) are present. The authors interpreted this as a decrease
of the effective diffusion constant due to surfactants. We
have shown in a previous Letter [14] that for Si adatoms on
Si(111) passivated by one monolayer (ML) As, Si(111):As,
the exchange barrier for incorporation under the As layer is
as low as the diffusion barrier, and Si atoms gain a substan-
tial binding energy of EB  0.80 eV when they are incor-
porated. Thus, the long range Si diffusion on Si(111):As
is reexchange dominated and governed by the reexchange
barrier Ereex  1.1 eV. It is slowed down compared to the
clean Si111 7 3 7 surface, which is in full accord with
the experiments.
The question is whether the Si results can be transferred
to the case of Ge heteroepitaxy. Detailed experimental
studies of Ge heteroepitaxy on Si(111):Sb [15,16] reveal
that growth proceeds in several steps. (i) A flat compressed
Ge double layer (DL) is completed epitaxially underneath
the surfactant layer; (ii) growth proceeds with a roughness
of less than two layers until (iii) the Ge film releases strain
and partially relaxes by the formation of misfit disloca-
tions at the GeSi interface after 10–12 layers of Ge are
deposited; (iv) further Ge growth proceeds homoepitaxi-
ally on the relaxed Ge(111):Sb film.
In the present Letter we investigate this scenario by
reporting results on the kinetics of single Ge adatoms
(i) on Si(111):As, (ii) on Si(111)Ge(DL):As at the Si
lattice constant, and (iii) on Ge(111):As with different
lattice constants (ranging between the equilibrium lattice
constants aSi and aGe) in order to simulate the role of strain
of the growing and relaxing Ge film. We have chosen the
As-covered systems since they show the simple 1 3 1
surface structure. This makes the calculations feasible us-
ing a Cray-T3E supercomputer. We have calculated the
paths and energy barriers for group-IV atoms (Si, Ge, and
Sn) diffusion on top of the As layer and for the exchange
of Ge with an As atom. The calculated energies are used
to discuss the scenario for epitaxy. We find that the three
considered adatoms behave quite differently. The relation© 2002 The American Physical Society 046101-1
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pends on the type of adatom, on the substrate material, and
on the surface strain.
All calculations have been carried out with a massively
parallelized ab initio molecular dynamics program (for de-
tails, see Ref. [17]), using norm-conserving pseudopoten-
tials of the Kleinman-Bylander form [18] and the local
density approximation [19]. Force calculations combined
with molecular statics [20] are used to determine the mini-
mum energy configurations and the reaction pathways.
The systems are simulated by a repeated slab model con-
sisting of six atomic Si(111) layers in an inversion sym-
metric arrangement, 1 ML As on each Si surface, and
one adatom on each As layer, separated by a vacuum
equivalent to eight atomic Si layers. The same arrange-
ment was chosen to simulate the Ge(111) surface, and the
SiGe(DL) system was modeled by a symmetric (111)
oriented As:Ge(DL)Si(DL)Ge(DL):As heterostructure.
We find that a 3 3 3 periodic cell in the lateral direc-
tions, four kk points in the surface Brillouin zone, and
a cutoff energy of 13.69 Ry in the plane wave basis set
are necessary to obtain well converged results [21]. For
all systems we applied the symmetry-unrestricted geom-
etry optimization including all atoms except those of the
two innermost atomic layers of the slab. To establish mini-
mum energy configurations we converged the forces acting
on the atoms to less than 0.1 mRya.u.
The equilibrium adatom configurations are determined
by minimizing the total energy of the supercell with re-
spect to all atomic coordinates, starting from an arbitrary
adatom position on top of the As layer. It turns out to
be the H3 site (above the empty hexagon with three As
neighbors in the top layer and three Si neighbors in the
second layer; see Fig. 1a) for all group-IV adatoms. Sad-
dle points are determined by restricted relaxation similar to
the “hyperplane adaptive constraint” (HAC) method [22],
i.e., by minimizing the energy subject to additional con-
straints. We find that the T4 site (above the position of
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FIG. 1 (color). Top view of diffusion and exchange paths for
group-IV atoms on Si(111):As. (a) The equilibrium sites on top
of the As layer are at H3 (small black dots), and the diffusion
saddle points at T4 (medium black dots); As atoms are red dots.
(b) The exchange paths for Si (lower half of figure) and Ge (yel-
low; upper half) adatoms are very similar. The exchanging pairs
visit several local minima (open circles, whose size indicates the
height above the surface).
046101-2the second layer Si atoms) is the diffusion saddle for Ge
and Sn, as previously found for Si adatoms. The barriers
for on-top diffusion, i.e., the energy differences between
H3 and T4, ED  0.25 eV (see Table I), are very similar
for all group-IV atoms, in spite of the different atom sizes
and bond strengths. This verifies the effective passivation
of the Si(111) surface by the As layer. A top view of the
resulting diffusion path is shown in Fig. 1a.
The minimum energy configuration of incorporated
group-IV atoms at the end of an exchange process con-
sists of a substitutional group-IV atom replacing an As
atom which becomes an adatom located at a bridge site
binding to the substitutional Si (Ge, Sn) atom and a
neighboring As atom. As can be seen from Table I the
energy gain drastically depends on the atom size. While
the substitutional Si atom is bound with an additional
energy of EB  2Esub  0.80 eV, the Ge atom is bound
only by about 0.20 eV, and the substitutional Sn atom
has an even higher energy than the Sn adatom (negative
binding energy) of 0.44 eV. Thus, Sn is not incorporated
underneath the As layer, and is not further considered.
This trend relates to the reduction of the covalent bond
strength with increasing spatial extension of the p states
with an increasing number of nodes in relation to the
size to the atom. Covalent C bonds in diamond are the
strongest, and in Sn the weakest.
We find a low energy path for the exchange of a Ge-As
pair which is very similar to the previously determined Si
exchange path as can be seen in Fig. 1b. The exchange
path is very complex and consists of several sections be-
tween local minima: First, the exchanging Ge adatom
moves partially towards the diffusion saddle point. Then,
it dips down towards the Si layer, pushing the As atom out
of its substitutional position. From this first local minimum
position “SM1” the Ge-As pair proceeds to the “dimer” po-
sition where the two atoms form a molecule lying parallel
to the surface. On the final section, the Ge atom moves
to the substitutional position while the As atom moves up-
ward to its equilibrium adatom bridge site. We have deter-
mined the saddle points between all local minima. Even
though the paths are similar for Si and Ge, the energies
on the paths differ substantially, as can be seen in Fig. 2.
For Si the highest energy is found on the first section, and
EexSi  E1ex  0.27 eV is comparable to EDSi. When
the Ge atom approaches the Si layer the energy rises above
that of a Si adatom. On this last section of the path the en-
ergy for Ge-As exchange is shifted upward almost rigidly
by 0.5 eV compared to the Si-As exchange, nearly the
TABLE I. Energies (in eV; relative to the H3 adatom position)
for group-IV adatoms on Si(111):As in different configurations.
Conf. Si Ge Sn
ED 0.25 0.25 0.23
Eex 0.27 0.71
Esub  2EB 20.80 20.20 0.44
Ereex 1.07 0.91046101-2
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FIG. 2 (color). Energy (relative to the H3 position of the
adatom; for Ecut  9 Ry) along the diffusion path (to the
left of H3) and along the exchange path to the substitutional
configuration (to the right). Compared are the energies for
Si (dashed line) and Ge (full line) on Si(111) at aSi, and for
Ge on Ge(111) at aGe (diamonds). The atomic configurations
for important minima are shown as insets: H3: adatom
equilibrium; Ge-As dimer; SiGesub: substitutional Si(Ge) and
As adatom [yellow: Si(Ge) adatom; red: As; black: Si bulk].
same amount by which the binding energies of the incor-
porated atoms differ. Apparently, the bond strength argu-
ment is already important when the Ge atom approaches
the Si layer. For Ge the highest saddle point is found on
the last section, and EexGe  E2ex  0.70 eV is much
larger than EDGe [23]. This value for the exchange
energy is somewhat less than the estimate of 0.8 eV by
Kandel and Kaxiras [11] for the exchange of a full Ge
layer on Si(111)Ge(DL):Sb. We suggest that the sub-
tle balance between the bond energies of Si-Ge and Si-As
pairs aided by some extra strain energy when a bigger
Ge atom is squeezed into the As layer at the lattice con-
stant of Si is responsible for the high Ge exchange en-
ergy barrier. To substantiate this point we have calculated
the Ge exchange path for As-covered Ge(111) (at the Ge
equilibrium lattice constant) and indeed find the low value
EexGe  0.40 eV (see the diamonds in Fig. 2).
The relation between the energy barriers has conse-
quences for the diffusion behavior and growth mode, and
we suggest the following scenario: (i) As discussed above,
the long range diffusion of Si adatoms on Si(111):As is
dominated by the reexchange process, and the effective dif-
fusion barrier is the reexchange energy: ED,eff  Ereex 
1.1 eV. (ii) On substrates with the Si lattice constant Ge
adatoms behave very differently from Si. Since the ex-
change energy EexGe  0.7 eV is much higher than the
diffusion barrier EDGe  0.25 eV, Ge adatoms perform
a large number of diffusion jumps, nD , before they are in-
corporated under the As layer on Si(111). One can estimate
046101-3that at a typical growth temperature of 600 ±C, nD  500
[with the higher EexGe on strained Ge films (see below)
nD is even 5000], and thus Ge adatoms have a good chance
to visit terrace steps. This would suggest that Ge heteroepi-
taxy on Si(111):As proceeds by step flow. But, following
Kandel and Kaxiras [11], we may speculate that all dan-
gling bonds of Si at the step edge are saturated by attached
As atoms. One then may expect a similar attachment pro-
cess at the step edge as for exchange on the flat terrace, and
a competition of island nucleation and step flow results.
To get insight into the adatom kinetics on the growing
and strain relaxing Ge film we have calculated the relevant
equilibrium positions and energy barriers for a Ge adatom
on epitaxial Si(111)/Ge(DL):As (at the Si lattice constant)
and on Ge(111):As for different lateral lattice constants.
The results are summarized in Table II and Fig. 3. For all
systems at the lattice constant of Si we find the diffusion
barrier of EDGe  0.25 eV and a large exchange barrier
irrespective of the substrate [Si, SiGe(DL), or strained
Ge]. With decreasing strain, i.e., increasing lateral lattice
constant, we find a very pronounced decrease of the ex-
change barriers, whereas the diffusion barrier stays almost
constant. This is in contrast to the behavior on metals,
where due to the increasing electron-density corrugation an
increase of the diffusion barrier is expected with expand-
ing lattice constant [24]. We find that the ratio EexGeED
and the reexchange energy Ereex decrease when the Ge film
relaxes. The situation at the equilibrium lattice constant of
Ge is similar to homoepitaxy of Si on Si(111):As; diffu-
sion and exchange barriers are comparable. We have also
considered a 2% dilated Ge(111):As film which can be re-
alized on substrates with a larger lattice constant than Ge.
As seen in Fig. 3, the exchange barriers decrease further.
In addition, the most stable position of Ge changes from
the substitutional site to the dimer configuration.
In summary, our calculations suggest that no conclu-
sions on heteroepitaxy can be drawn from the results for
homoepitaxy. For Si, Ge, and Sn adatoms on As-covered
Si(111) we have calculated the equilibrium configurations,
the barriers for diffusion and for exchange with an As
atom, and the binding energies of the incorporated atoms.
The results can be understood on the basis of the differ-
ent bond strengths due to the different sizes of the atoms.
TABLE II. Energies (in eV; relative to the H3 adatom position
for the respective system) of Ge adatoms on different films:
Si(111):As, Si(111)Ge(DL):As, and Ge(111):As at different
lattice constants.
substr.: Si SiGe(DL) Ge film
strain: 24% 22% 0% 12%
ED 0.25 0.24 0.28 0.31 0.26 0.15
E1ex 0.41 0.48 0.37 0.18
E2ex 0.71 0.92 0.90 0.68 0.40 0.12
Edim 0.23 0.37 0.34 0.09 20.12 20.29
Esub 20.20 20.18 20.21 20.19 20.12 20.06
Ereex 0.91 1.09 1.11 0.87 0.53 0.46046101-3
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FIG. 3. Energies of minima and saddle points (relative to the
H3 position) for Ge adatoms on Ge(111):As versus the lattice
constant [full symbols; open symbols: Si(111):As]. Plotted
are the exchange barriers, E1ex (dots connected by full line) and
E2ex (diamonds and dash–3-dotted line), the diffusion barrier
ED (stars and long-dashed line), the substitutional energy Esub
(triangles and dashed line), and the energy of the intermediary
dimer position Edim (crosses and dash-dotted line).
Homoepitaxy and heteroepitaxy on Si(111):As proceed by
very different mechanisms: (i) Si atoms are readily in-
corporated and homoepitaxy proceeds exclusively via nu-
cleation and growth of two-dimensional Si islands on the
terraces. (ii) Ge atoms on Si:As or Ge:As films with the
Si lattice constant have to overcome a large exchange bar-
rier and show a moderate binding to the substitutional site.
Growth can proceed by a mixture of step flow and island
nucleation on the terrace, depending on the unknown ef-
ficiency of As passivation of steps. The exchange proba-
bility of a Ge adatom increases when the Ge film grows
and relaxes; for a fully relaxed Ge film at the equilibrium
lattice constant of Ge we find a similar situation as for ho-
moepitaxy of Si. (iii) Sn atoms are not incorporated but
grow on top of As.
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